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MISMATCHED FILTER 

RELATED APPLICATION 

This application incorporates by reference in its entirety: 
“Multiplicative Mismatched Filters for Optimum Range 
Sidelobe Suppression in Barker Code Reception,” U.S. appli 
cation Ser. No. 11/559,776, ?led Nov. 14, 2006. 

FIELD OF THE INVENTION 

The present application is generally directed to methods 
and systems for sidelobe suppression in pulse compression 
codes. 

BACKGROUND 

Pulse compression codes are designed such that the trans 
mitted energy is uniformly spread in time While the autocor 
relation function (ACF) has most of its energy in the main 
lobe. Upon matched ?ltering of such codes, the output is their 
ACF. The peak sidelobe level (PSL) in the ACF of any good 
code is required to be as loW as possible. Barker codes have 
the least PSL (of unity magnitude) among all biphase codes. 
In most applications, it is desirable to reduce the sidelobes 
further. This is achieved via mismatched ?lters. 

Mismatched ?lters for sidelobe suppression can be based 
on both In?nite Impulse Response (IIR) and Finite Impulse 
Response (FIR) ?lters. FIR mismatched ?lters can either be 
designed directly or as sidelobe suppression (SLS) ?lters in 
cascade With a matched ?lter. Length-optimal ?lters for side 
lobe suppression produce the best possible sidelobe suppres 
sion for a given ?lter length. Since all their coef?cients are 
optimiZed, length optimal ?lters are not hardWare e?icient. 

SUMMARY OF THE INVENTION 

The present solution provides methods and systems for 
realiZing hardWare ef?cient mismatched ?lters for pulse com 
pression codes. For pulse compression codes With suf?ciently 
small sidelobe structures, such as in the cases of odd length 
Barker codes, the proposed ?lters require a small number of 
adders and multipliers per output. This translates to signi? 
cantly reduced chip -area and loWer poWer consumption When 
implemented on a chip. 

In one aspect, the present application features a method for 
suppressing an undesired part of a Waveform. The method 
includes ?ltering a signal via a ?lter. In one embodiment, the 
signal includes an expected Waveform that can be represented 
as a sum of the desired part and the undesired part. The 
impulse response of the ?lter can be represented a sum of the 
desired part and a negative of the undesired part. 

In one embodiment, the signal is an output of a matched 
?lter. In another embodiment, a mainlobe and a plurality of 
sidelobes at the output of the matched ?lter forms the desired 
and the undesired part, respectively. In yet another embodi 
ment, the expected Waveform is an autocorrelation function 
of a pulse compression code. In one embodiment, the desired 
part of the autocorrelation function is a mainlobe and the 
undesired part is a plurality of sidelobes. 

In one embodiment, the pulse compression code is a 
biphase code. In another embodiment, the pulse compression 
code is a polyphase code. The pulse compression code may 
include a Barker code, a Huffman sequence or a compound 
Barker code. Huffman sequences may also be referred to as 
Huffman codes. Huffman sequences are examples of variable 
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2 
magnitude codes that are characterized by sidelobes of unity 
magnitude only at tWo extremes of its autocorrelation func 
tion. 

In one embodiment, the method further includes realiZing 
a set of discrete coef?cients of the ?lter from the impulse 
response. In another embodiment, the ?lter includes a ?nite 
impulse response (FIR) ?lter. In another embodiment, the 
?lter includes an in?nite impulse response (IIR) ?lter. In still 
another embodiment, the ?lter may be a combination of an 
FIR and an IIR ?lter. 

In another aspect, the present application features a system 
for suppressing an undesired part of an expected Waveform. 
The system includes a ?lter Whose impulse response can be 
represented as a sum of a desired part and a negative of an 
undesired part of an expected Waveform. The expected Wave 
form can be represented as a sum of the desired part and the 
undesired part. 

In one embodiment, the system further includes a second 
?lter that processes the output of the ?lter. In one embodi 
ment, the second ?lter has an impulse response that can be 
represented as a sum of a second desired part and a negative 
of a second undesired part of a second expected Waveform. In 
another embodiment, the second expected Waveform can be 
represented as a sum of the second desired part and the second 
undesired part. In still another embodiment, the second 
expected Waveform is the expected Waveform processed by 
the ?lter. 

In one embodiment, the ?lter is connected to an output of a 
matched ?lter. In another embodiment, the expected Wave 
form is an autocorrelation function of a pulse compression 
code. In still another embodiment, the pulse compression 
code is a biphase code. In yet another embodiment, the pulse 
compression code is a polyphase code. In some embodi 
ments, the pulse compression code is a Barker code, a Huff 
man sequence or a compound Barker code. 

In one embodiment, one or more external multipliers are 
connected across the ?lter. In some embodiments, the ?lter 
includes one or more of a multiplier, a delay unit and an adder. 
The multiplier, delay unit and adders are hardWare units used 
for fabricating electronic circuits including integrated circuits 
as apparent to one skilled in the art. 

In still another aspect, the present application features a 
method of realiZing a ?lter in a device. In one embodiment, 
the method includes representing a Waveform expected at an 
input of a ?lter as a sum of a desired part and an undesired 
part. The method further includes de?ning an impulse 
response of the ?lter as a sum of the desired part and a 
negative of the undesired part and realiZing a ?lter repre 
sented by the impulse response. In some embodiments, the 
method may include identifying a discrete set of ?lter coef 
?cients from the impulse response. 

BRIEF DESCRIPTION OF THE FIGURES 

The foregoing and other objects, aspects, features, and 
advantages of the present application Will become more 
apparent and better understood by referring to the folloWing 
description taken in conjunction With the accompanying 
draWings, in Which: 

FIG. 1 is a block diagram of an embodiment of a system 
including a multistage mismatched ?lter in cascade With a 
matched ?lter; 

FIG. 2A is a block diagram depicting an example embodi 
ment of a ?rst stage of a ?lter in accordance With the methods 
and systems described herein; 

FIG. 2B is a block diagram depicting an example embodi 
ment of a second stage of the ?lter; 
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FIG. 2C is a block diagram depicting an example embodi 
ment of a third stage of the ?lter; 

FIG. 3A is an example of the ?rst stage of a ?lter for a 
Barker code of length 13; 

FIG. 3B is an alternative example of the ?rst stage of the 
?lter for a Barker code of length 13; 

FIG. 3C is an example of the second stage of a ?lter for a 
Barker code of length 13; 

FIG. 3D is an example of the third stage of a ?lter for a 
Barker code of length 13; 

FIG. 4A is a block diagram of an embodiment of a multi 
stage mismatched ?lter With external multipliers connected 
across some stages; 

FIG. 4B is an example embodiment of the ?rst stage With 
an external multiplier connected across it; 

FIG. 4C is an example embodiment of the second stage 
When an external multiplier is connected across the ?rst stage; 

FIG. 4D is an example embodiment of the third stage When 
an external multiplier is connected across the ?rst stage; 

FIG. 5A is an example embodiment of a ?rst stage of the 
?lter for an aperiodic Frank code; 

FIG. 5B is an example embodiment of the ?rst stage of the 
?lter for the aperiodic Frank code With an external multiplier 
“1; 

FIG. 5C is an example embodiment of the second stage of 
the ?lter for the aperiodic Frank code; and 

FIG. 5D is an example embodiment of the second stage of 
the ?lter for the aperiodic Frank code With the multiplier p2. 

DETAILED DESCRIPTION 

Referring to FIG. 1, a block diagram of an embodiment of 
a system including a multistage mismatched ?lter in cascade 
With a matched ?lter is shoWn and described. In brief over 
vieW, the system 100 includes a matched ?lter 105. The sys 
tem further includes a ?lter 110 In some embodiments, the 
?lter 110 includes one or more ?lter stages 115a-115n (in 
general 115). 

The system 100 may be implemented and operated on any 
type and form of electronic or computing device 101 (not 
shoWn). In one embodiment, the device 101 may be a com 
puting device such as a desktop computer or a laptop com 
puter. In another embodiment, the device 101 may be a micro 
computer. In still another embodiment the device 101 may be 
a microcontroller. In yet another embodiment, the device 101 
may be a digital signal processor (DSP) such as manufactured 
by Texas Instruments of Dallas, Tex. The device 101 and the 
system 100 may also be implemented on a softWare platform 
such as MATLAB or SIMULINK manufactured by Math 
Works Inc. of Natick, Mass. In some embodiments, softWare 
simulating a microcomputer, microcontroller or a DSP may 
also be used to implement and execute the device 101. 
Examples of such softWare include MPLAB Integrated 
Development Environment developed by Microchip Tech 
nology Inc. of Chandler, AriZ. In one embodiment, the system 
100 may be implemented on an integrated circuit. In another 
embodiment, the integrated circuit may be an application 
speci?c integrated circuit (ASIC). In still another embodi 
ment, the system 100 may be implemented on a program 
mable chip such as a ?eld programmable gate array (FPGA) 
via programming using any hardWare description language 
(HDL). In some embodiments, the system 100 may be imple 
mented as a combination of softWare and hardWare as appar 
ent to one skilled in the art. In another embodiment, the device 
101 is implemented on a charge coupled device (CCD) or 
charge transfer device (CTD). 
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4 
The device 1 01 may include any type and form of operating 

system. In some embodiments, the device 101 can be running 
any operating system such as any of the versions of the 
Microsoft® WindoWs operating systems, the different 
releases of the Unix and Linux operating systems, any version 
of the Mac OS® for Macintosh computers, any embedded 
operating system, any real-time operating system, any open 
source operating system, any proprietary operating system, 
any operating systems for mobile computing devices, or any 
other operating system capable of running on the device 101 
and performing the operations described herein. 
The device 101 may be a part of any system using a pulse 

compression code. In some embodiments, the device 101 may 
be a part of a radar system. In one of these embodiments, 
pulse compressed Waveforms used in radar systems may 
require preprocessing before being fed to an input of the 
system 100. In other embodiments, the device 101 may be a 
part of an imaging system such as ultrasonic imaging, mag 
netic resonance imaging (MRI), computeriZed axial tomog 
raphy (CAT) imaging or any other imaging as apparent to one 
skilled in the art. In still other embodiments, the device 101 
can be a part of geophysical exploration systems, remote 
sensing systems, Well logging electronics, seismological sys 
tems or any other systems employing pulse compression 
codes. In some embodiments, the methods and systems 
described herein may be used in optics applications such as 
inverse convolution for removing point-source distortion. In 
another embodiment, device 101 may be used in systems for 
correcting knoWn channel distortions. In still another 
embodiment, the device 101 may be a part of an optical 
communication system using one or more of a laser source 

and a ?ber optic channel. In yet another embodiment, the 
device 101 may be a part of a system using sonar Waves. 
An incoming signal 102 serves as an input to the system 

100. In one embodiment, a signal is a physical quantity that 
carry information. In another embodiment, any quantity that 
varies over time and space can be taken as a signal. In still 
another embodiment, the signal may include electrical 
impulses or electromagnetic radiation. In some embodiments 
the signal can be discrete in nature. In some other embodi 
ments, the signal may be continuous. A signal may also be one 
of an analog signal and a digital signal. In some embodiments, 
a signal may include a combination of a plurality of signal 
types. Examples of a signal may include but are not limited to 
voltage, current, electromagnetic Waves, sound and light. 
The incoming signal may include a Waveform X(Z) related 

to a pulse compression code. In FIG. 1 the Waveform is 
represented in the Z domain as X(Z). It shouldbe noted that the 
Waveform can be expressed in any other form in other 
embodiments Without deviating from the scope of the present 
application. In some embodiments, the pulse compression 
code is a biphase or binary code. Examples of biphase pulse 
compression codes include but are not limited to Barker 
codes, minimum peak sidelobe codes and compound Barker 
codes. In other embodiments, the pulse compression code can 
be a polyphase code including but not limited to polyphase or 
generaliZed Barker codes, Frank codes and Pl-P4 codes gen 
erally denoted as Px codes. In some embodiments, the pulse 
compression code can be a variable magnitude code such as a 
Huffman sequence or Huffman code. Even though FIG. 1 
represents an incoming signal simply as X(Z), it should be 
apparent to one of ordinary skill in the art that in reality, the 
incoming signal may be corrupted by noise, interference and/ 
or any other form of unWanted signals. 
The incoming signal 102 is passed through a matched ?lter 

105. The matched ?lter is matched to the pulse compression 
code being used in the system 100. In FIG. 1, the matched 
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?lter is represented in the Z-domain purely for notational 
purposes and should not be considered limiting in any sense. 
The matched ?lter may be expressed in any other domain or 
form Without deviating from the scope of the current appli 
cation. The matched ?lter detects the presence of the Wave 
form X(Z) in the incoming signal 102. In some embodiments, 
the incoming signal 102 includes the pulse compressed Wave 
form X(Z) and the autocorrelation function R(Z) is obtained at 
the matched ?lter output. 

The matched ?lter transfer function, matched to the pulse 
compressed Waveform X(Z), is X(Z_l) and the matched ?lter 
output is the autocorrelation function Waveform given by: 

R(Z):X(Z)X(Z’l) (1) 

In the absence of any noise or other spurious signals, R(Z) 
includes a mainlobe of height substantially equal to the length 
of the pulse compression code and a plurality of sidelobes. 
For notational purposes, We consider the autocorrelation 
function R(Z) to be symmetric around the origin. The side 
lobes are collectively denoted as S(Z). It should be apparent to 
one of skill in the art that in practice, the system should be 
made causal by adding appropriate delays. R(Z) is denoted by: 

(2) 

It should be appreciated that in the presence of noise or 
other spurious signals, R(Z) Will also include components 
attributable to the noise and other spurious signals. HoWever, 
in this example, R(Z) can be considered to be an expected 
Waveform at the input of the ?lter. The Waveform R(Z) can be 
represented as a sum of a part representing the mainlobe and 
a part representing the plurality of sidelobes. In some embodi 
ments, the part associated With the mainlobe is a desired part 
of the response While the part representing the plurality of 
sidelobes is the undesired part of the Waveform. In such 
embodiments, it is of interest to suppress the undesired part 
associated With the sidelobes and enhance the desired part, 
ie the mainlobe. 

The system 100 includes a ?lter 110. The output of the 
matched ?lter, Which may include the Waveform R(Z), is 
connected to the input of the ?lter 110. The ?lter 110 includes 
one or more ?lter stages 115. The transfer function of the ?rst 
stage 11511 of the ?lter 110 is given by: 

(3) 

In some embodiments, the transfer function may also be 
referred to as an impulse response. In one embodiment, the 
?rst stage 11511 of the ?lter 110 is implemented as an FIR 
?lter. In other embodiments, the ?rst stage 11511 of the ?lter 
1 1 0 may include an IIR ?lter. Examples of such embodiments 
Will be described in more details With respect to FIGS. 2A and 
2B. In some embodiments, the output of the ?rst stage 11511 of 
the ?lter 110 is connected to the input of the second stage 
1151). In other embodiments, the ?lter 110 comprises only 
one stage 115a and the output of the ?rst stage is the output 
Y(Z) of the ?lter 100. 

Although FIG. 1 depicts a plurality of stages 115a-115k of 
the ?lter 110, it should be appreciated that the ?lter 110 may 
comprise any number of stages. The expected input Wave 
form at the nth stage of the ?lter 110 Will be the expected 
Waveform at the ?lter input R(Z) processed by (n-l) preced 
ing stages 115 Where n>2. As shoWn in greater details beloW, 
in some embodiments, the expected Waveform at the input of 
each stage can be represented as a sum of a desired part and an 
undesired part. 

In the example Where R(Z) is the expected Waveform at the 
input of the ?lter 100 and the plurality of sidelobes S(Z) are 
the undesired part, the output of the ?rst stage is given by: 
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(4) 
(5) 

When the undesired sidelobes are suf?ciently small com 
pared to the desired part, the ?rst stage of the ?lter increases 
the ratio of the peak magnitude of the desired part and the 
undesired part. In case of pulse compression codes a metric 
for measuring the ratio of these peak magnitudes is the main 
lobe to peak sidelobe ratio (MSR). 

Referring noW to FIG. 2A, a block diagram depicting an 
example embodiment of the ?rst stage 11511 of the ?lter 110 is 
shoWn and described. In one embodiment, the ?rst stage 115a 
includes a multiplier 210 representing the mainlobe of the 
expected Waveform R(Z). In some embodiments, the ?rst 
stage 115a further includes a ?lter 220 Whose impulse 
response represents the undesired plurality of sidelobes of the 
expected Waveform R(Z). Since the overall impulse response 
of the ?rst stage 115a represents a sum of the desired part and 
the undesired part, in some embodiments the ?rst stage 115a 
includes an adder 215 to compute the sum of the mainlobe and 
a negative of the plurality of sidelobes. In other embodiments, 
the ?rst stage 115a includes one or more delay units 205. In 
one embodiment, the one or more delay units 205 are used to 
ensure causality. In another embodiment, the number of delay 
units depends on the position of the mainlobe With respect to 
the plurality of sidelobes. 

If further sidelobe suppression is desired, output of the ?rst 
stage 11511 is connected to an input of the second stage 1151). 
In some embodiments, the output of the ?rst stage Yl(Z) can 
be represented as a sum of a desired part and an undesired 
part. From the example in equation (5), the desiredpart can be 
identi?ed to be N2 While the undesired part is {—S(Z)2}. The 
transfer function of the second stage 1151) of the ?lter 110 for 
this example is therefore given by: 

Referring noW to FIG. 2B, an example embodiment of the 
second stage 1151) of the ?lter 110 is depicted. In one embodi 
ment, the second stage includes a multiplier 310 representing 
a magnitude of the desired part of the input Waveform (N 2 in 
this case). In some embodiments, the second stage 1151) 
includes one or more ?lters 220 such that the overall impulse 
response of the one or more ?lters represents the undesired 
part of the input. The second stage 1151) may also include one 
or more delay units 305 and an one or more adder 315. 

In one embodiment, the output of the second stage 1151) is 
taken as the output Y(Z) of the ?lter 110. In other embodi 
ments, the outputY2(Z) of the second stage 1151) is connected 
to an input of a third stage 1150. An example embodiment of 
the third stage 1150 is depicted in FIG. 2C. The desired part of 
the input Waveform for the third stage 1150 is N4 While the 
undesired part is {—S(Z)4}. In some embodiments, more num 
ber of stages 115 of the ?lter 110 can be implemented to 
achieve a predetermined level of suppression of the undesired 
part of the Waveform. If k stages are used, the transfer func 
tion of the kth stage is given by: 

for k:2, 3, . . . . The output of the kth stage is given by: 

Yk<z>:N2k:[s<z>i2k <8) 
In some embodiments, the expected Waveform needs to 

satisfy certain conditions in order for the ?lter 110 to function 














